Introduction
According to current European Society of Cardiology (ESC) guidelines, the diagnosis of heart failure with preserved ejection fraction (HFpEF) requires signs and/or symptoms of heart failure, a preserved ejection fraction and evidence of structural and/or functional cardiac abnormalities, indicating diastolic dysfunction.
1
Although structural and functional abnormalities are usually established by echocardiography, the gold standard is to estimate intracardiac pressures with invasive haemodynamic measurements using right and left heart catheterization. Since heart catheterization is an invasive and time-consuming investigation, echocardiography is the most commonly used method owing to its wide availability and non-invasiveness. Therefore, studies directly comparing invasive haemodynamic measurements with simultaneously performed echocardiography are important, but only few investigations have directly compared echocardiographic findings with invasively measured intracardiac pressures. 2 -12 In addition, studies that simultaneously performed echocardiography and invasive haemodynamic measurements in well defined patients with HFpEF are sparse. Therefore, the aim of present study was to evaluate the accuracy of echocardiographic determinants of cardiac filling pressures in patients with HFpEF.
Methods

Patients
Between October 2011 and September 2014, 102 patients with HFpEF were identified based on heart failure symptoms [New York Heart Association (NYHA) class ≥II], a left ventricular ejection fraction (LVEF) ≥45%, and signs of pulmonary hypertension on a previous echocardiogram [defined as tricuspid regurgitation (TR) velocity > 2.8 m/s and/or right ventricular (RV) dilatation and/or inferior vena cava dilatation (>21 mm) without other cause], who were referred to the catheterization laboratory for routine left and right heart catheterization. Additionally, patients with moderate or severe left-sided valvular disease were excluded. Echocardiographic assessments were simultaneously performed. Four patients who did not undergo simultaneous echocardiography during heart catheterization were excluded from the present analysis. Therefore, the final study sample comprised 98 patients. The investigation conforms with the principles outlined in the Declaration of Helsinki, and was conducted in accordance with local and national laws and regulations regarding retrospective research on clinical data, as verified and confirmed by the Institutional Review Board of the University Medical Center Groningen.
Echocardiography
Echocardiographic image acquisition was performed during invasive measurements in the catheterization laboratory at the University Medical Center Groningen, in supine position. Image acquisition was performed based on a pre-specified protocol using a Vivid S6 (GE, Horton, Norway) and a 2.5-3.5 MHz probe. Images of at least three cardiac cycles for both sinus rhythm and atrial fibrillation (AF) were digitally stored in a raw DICOM format for offline analysis. We carefully avoided storing paced beats in patients who were partially paced. Offline analysis was performed on an EchoPac workstation (GE, by a single observer (Y.M.H.) who was blinded to invasively acquired intracardiac pressures at the time of echo evaluation. To assess the reproducibility of conventional echo measurements in our study, a subset of 20 echocardiograms was re-evaluated. Evaluation of cardiac structure included cardiac dimensions and wall thickness as well as left ventricular (LV) and left atrial (LA) volumes. Cardiac function analysis consisted of conventional volumetric measurements (LVEF) for LV systolic function, mitral valve inflow parameters and pulsed wave tissue Doppler early diastolic velocity (e') for the evaluation of LV diastolic function. The E/e' ratio was calculated with e' as the mean of septal and lateral region (E/e' mean ); in addition, separate septal (E/e' septal ) and lateral E/e' (E/e' lateral ) were also calculated. Right ventricular dimension and function were evaluated by end-diastolic diameter and tricuspid annular plane systolic excursion (TAPSE) and RV systolic tissue velocity (RV s'). Linear measurement of the RV free wall thickness was performed on zoomed subcostal long-axis two-dimensional (2D) views at end-diastole, excluding trabeculae and epicardial fat. Measurements were performed in accordance with the current recommendations and guidelines for the evaluation of cardiac structure and function. 13, 14 In patients with AF, echocardiographic measurements were taken as the mean of available signals (with a minimum of three cardiac cycles). In addition, LA reservoir function was assessed with 2D speckle tracking echocardiography, providing information on LA deformation during systole in one cardiac cycle.
14,15
Left atrial deformation analysis was performed on a single plane (apical four-chamber view), in which manual tracing of LA tissue was performed. Automatic approval or rejection of six segments by the 2D speckle tracking echocardiography software was acquired. When >1 out of six segments were rejected by the software, a second attempt to optimize the tracing was undertaken. If the second attempt did not result in better tracings, the analysis was disregarded.
Invasive measurements
All patients had a clinical indication for both left and right heart catheterization based on heart failure and pulmonary hypertension guidelines.
1, 16 The methods for invasive measurements were described previously as supplemental material. 17 In summary, a single cardiologist (E.S.H.) performed all haemodynamic evaluations. Haemodynamic measurements were performed in fasting state in supine position. A 7F balloon tipped catheter was used for measurement of right atrial (RA), RV and pulmonary arterial pressures and pulmonary artery wedge pressure (PAWP). Additionally, in most patients (n = 88, 89.8%), LV end-diastolic pressure (LVEDP) was also measured by a 6F multipurpose catheter introduced via the femoral artery. Data were expressed in mmHg. The wedge pressure and LVEDP were measured at end-expiration according to initial validation of using PAWP as a surrogate measure of LVEDP at end-expiration, minimizing potential errors by careful avoidance of pressure dampening or air bubbles. 18 Catheterization data were acquired through automated measurements on typical pressure waveforms.
Statistical analysis
Normally distributed variables are presented as mean ± standard deviation, non-normally distributed variables are presented as median with interquartile range (IQR). Categorical variables are presented as number and percentage. Analysis of variance, Student's t-test, chi-square and ANOVA tests were used as appropriate. Pearson correlation coefficient (r) was used to assess the relation between intracardiac pressure isovolumetric relaxation time (IVRT), RV end-diastolic dimension, RV wall thickness, TR velocity, TAPSE, E/e' mean , and LA reservoir strain] were selected as possible predictors based on univariable significance level (r), collinearity, and number of missing, and residuals were checked by plotting. An internal bootstrap with 1000 replicates of the selected model was performed. Results are presented as correlation coefficient (r), beta with 95% confidence interval as a measure of model strength.
A P-value of <0.05 was considered statistically significant. Additionally, the area under the curve (AUC) was computed with receiver operating characteristic (ROC) analysis, identifying optimum cut-offs for key parameters, from which sensitivity and specificity were calculated. Statistical analyses were performed with SPSS version 22 (IBM Corporation, Chicago, IL, USA). 
Results
Mean age of the study population was 74 ± 9 years, 68% were female, and mean LVEF was 57 ± 5%, Twenty-nine (30%) patients were in AF during the procedure and therefore did not have functional atrial contribution to LV filling (see Supplementary material online, Table S1 ). All but one patient had typical symptoms and/or signs of heart failure, elevated levels of N-terminal pro brain natriuretic peptide (NT-proBNP) and evidence of abnormal cardiac structure or function (either LA dilatation, increased LV mass, increased E/e' mean or decreased e'), meeting the criteria of the 2016 ESC heart failure guidelines. patients had atrial flutter, 1 (1%) had continuous ventricular pacing, and 7 (7%) were partially in pacemaker rhythm during the evaluation, out of which 4 (4%) patients were in sinus rhythm and 3 (3%) patients had AF. These were excluded when testing correlations for sinus rhythm and AF specifically. Estimated time of heart failure symptoms was available for 52 patients, and was 3.7 ± 2.3 years. Given the simultaneous setting in this study, some echo measurements were less feasible than others (see Supplementary material online, Table S2 ). Reproducibility of echo measurements, including LA reservoir strain, was good (intraclass correlation 0.72-0.99). Table S1 ). Poor correlations were found between NT-proBNP and PAWP (r = 0.126) and LVEDP (r = 0.029). Table 1 shows that across tertiles of PAWP, patients with higher PAWP had a higher NYHA class (P for trend <0.001), were more likely to have a history of AF (P = 0.003), and were more frequently treated with diuretics (P = 0.023) and calcium channel blockers (P = 0.014). Patients with higher PAWP had higher RV anterior wall thickness (P = 0.006) and LV filling characteristics; higher early diastolic mitral valve inflow (MV-E) (P = 0.001), shorter deceleration time (P = 0.020), shorter IVRT (P = 0.001), higher E/e' mean (P = 0.038) and lower LA reservoir and conduit strain (P < 0.001 and P = 0.006, respectively) ( Table 2 ).
Echocardiographic predictors of pulmonary artery wedge pressure
Poor to moderate correlations were found between MV-E, E/A ratio, IVRT and LA reservoir strain and mean PAWP (r = 0.391, P < 0.001; r = 0.413, P = 0.001; r = -0.382, P = 0.001; and r = -0.483, P = 0.001, respectively). A poor correlation was observed between E/e' mean as well as E/e' lateral and E/e' septal and . Table 3 ). The lack of correlation between E/e' mean and PAWP is depicted in Figure 1 ; additionally, a lack of agreement in Bland-Altman analysis was found between E/e' mean and PAWP (Figure 2) . Notably, a non-significant correlation was observed between TR velocity and PAWP (r = 0.218, P = 0.058). Other correlations with PAWP are reported in Table 3 . In multivariable linear regression analysis, only IVRT ( = -0.123, P = 0.007) and LA reservoir strain ( = -0.406, P = 0.001) remained independently associated with invasively measured mean PAWP. The correlation of this model was 0.656 (P < 0.001). ROC analysis (using a cut-off for PAWP of ≥15 mmHg) resulted in an AUC for IVRT and LA reservoir strain of 0.70 and 0.84, respectively. In contrast, the AUC for E/e' mean yielded 0.68. Optimal cut-offs and corresponding sensitivity and specificity of key parameters are shown in the Supplementary material online, 
Echocardiographic predictors of left ventricular end-diastolic pressure
Mean LVEDP was 16.7 ± 5.8 mmHg (see Supplementary material online, Table S1 ), and correlations between echocardiographic parameters and LVEDP (Table 3) were generally lower than correlations between echocardiographic parameters and PAWP. Additionally, a non-significant correlation was found between TR velocity and LVEDP (r = -0.044, P = 0.727). In multivariable linear regression analysis, IVRT ( = -0.122, P < 0.001) and RV anterior wall thickness ( = 1.374, P = 0.022) remained independently associated with invasively measured mean LVEDP. The correlation coefficient of this model was 0.548 (P < 0.001). ROC analysis (using a cut-off for LVEDP of ≥15 mmHg) resulted in an AUC for IVRT and LA reservoir strain of 0.73 and 0.65, respectively. In contrast, the AUC for E/e' mean yielded 0.64. Optimal cut-offs and corresponding sensitivity and specificity of key parameters are reported in the Supplementary material online, Table S3 .
Echocardiographic predictors of pulmonary arterial pressure
Twenty-nine (30%) patients had pre-capillary pulmonary hypertension. Mean pulmonary arterial pressure was 30. 
Figure 2
Bland-Altman representation of E/e' and pulmonary artery wedge pressure (PAWP). Note the lack of agreement between both methods, independent of rhythm during measurements. AF, atrial fibrillation; HC, heart catheterization; SD, standard deviation; SR, sinus rhythm.
the strongest correlation with mPAP (r = 0.755, P < 0.001). Results of all correlations between established and novel echocardiographic parameters and mean and systolic pulmonary arterial pressure (sPAP) are shown in Table 4 . This finding was supported by the corresponding agreement in Bland-Altmann analysis between maximum TR pressure gradient (TR Pmax) and sPAP ( Figure 4) . In multivariable linear regression analysis, TAPSE ( = -0.586, P = 0.001), TR Vmax ( = 0.411, P < 0.001) and IVRT ( = -0.184, P < 0.001) remained independently associated with invasively measured mPAP. The correlation of this model was 0.842 (P < 0.001). ROC analysis (using a cut-off for mPAP of ≥25 mmHg) resulted in an AUC for TR Vmax of 0.78. Optimal cut-offs and corresponding sensitivity and specificity of key parameters are reported in the Supplementary material online, Table S3 . TAPSE (r = -0.436, P < 0.001), RV s' (r = 0.365, P = 0.001), TR Vmax (r = 0.800, P < 0.001) and LA reservoir strain (r = -0.428, P = 0.003) had the strongest association with sPAP. In multivariable linear regression analysis, TR Vmax ( = 0.754, P < 0.001) and LA reservoir strain ( = -0.592, P = 0.008) remained independently associated with invasively measured sPAP. The correlation of this model was 0.785 (P < 0.001).
Influence of rhythm in the prediction of invasively measured cardiac pressure
At the time of pressure measurements, AF was present in 30% of patients. In this group, PAWP was significantly higher than in those in sinus rhythm (19.8 ± 3.9 vs. 15.5 ± 6.9 mmHg; P = 0.002) (see Supplementary material online, Table S1 ). We evaluated whether the presence or absence of AF influenced the correlation between haemodynamic and echocardiographic indices ( Table 3) . The correlations between echocardiographic indices and PAWP and LVEDP were weaker in AF patients compared with those in sinus rhythm. However, the observed correlation between LA reservoir strain and IVRT and either LVEDP or PAWP was independent of rhythm as no significant interactions were observed (P = 0.585 and P = 0.661, respectively).
Discussion
Our data show that in patients with HFpEF, single echocardiographic parameters of diastolic function poorly or moderately estimated invasively measured filling pressures. Isovolumetric relaxation time and LA reservoir strain were independent predictors of invasively acquired PAWP, whereas E/e' ratio, the most established and guideline-implemented predictor of elevated LV filling pressures, was not a significant predictor of either PAWP or LVEDP. In contrast, TR Vmax correlated accurately with invasively measured mPAP and sPAP. The results did not differ between patients in sinus rhythm or with AF. To the best of our knowledge, the associations between invasively measured intracardiac pressures with simultaneously measured echocardiographic parameters have not yet been sufficiently established in patients with HFpEF. Several studies compared invasive haemodynamic measurements with echocardiographic parameters.
2 -9 Among these, only two small studies 4, 5 including 43 and 23 patients, respectively, were performed in the setting of HFpEF. In the study by Kasner et al., 5 measurements were performed simultaneously, but they focused on correlates of LV stiffness instead of filling pressures. 
Isovolumetric relaxation time and left atrial strain as predictors of left-sided intracardiac pressure
Isovolumetric relaxation time, a conventional parameter used for the assessment LV diastolic function, is defined as the time interval between aortic valve closure (in late systole) and mitral valve opening when LA pressure exceeds LV pressure (in early diastole).
13
HFpEF is characterized by increased LA pressure (reflected by PAWP), and therefore when LA pressure exceeds LV pressure, this results in a shorter IVRT. Our data confirm the negative relation between IVRT and mean PAWP (r = -0.382), but given the poor correlation, IVRT alone cannot accurately estimate intracardiac pressures, as also demonstrated by others.
19
Left atrial strain measurement is a novel method for evaluating LA function and shows promising results in a variety of diseases including HFpEF. 20, 21 Left atrial strain analyses proved to be highly feasible, reproducible, angle-independent and relatively load-independent. However, inter-vendor variability remains an issue. 15, 22, 23 An inverse relation exists between LA strain and LV end-diastolic filling pressures 15, 24 and conventional indices of diastolic function. 25 Recently, LA function has gained recognition as an important focus area in the assessment of LV diastolic function, especially in heart failure. 20, 21, 26, 27 We demonstrated that LA reservoir strain was a better predictor of mean PAWP than LAVi, which is currently one of the major indices for structural abnormalities in the ASE/EACVI recommendations and ESC guidelines. 1, 13, 14 It is suggested that a decrease in LA function might precede LA remodelling 20 and is the best parameter to distinguish asymptomatic patients with diastolic dysfunction from those with HFpEF.
21
The E/e' ratio for the estimation of intracardiac pressure
The E/e' ratio is generally accepted for estimating increased LV filling pressures and has received a prominent position in current guidelines and recommendations. 1, 13 The E/e' ratio was validated in several studies against invasively measured mean LV diastolic pressure, 9 PAWP, 2,3,8,10,11 LVEDP 4,5 and LV pre-A-wave pressure 6 across a variety of populations and aetiologies with varying results. The correlation between E/e' and PAWP or LVEDP in our study was poor (r = 0.240 and r = 0.081, respectively) and is consistent with previously published results by Santos et al. 11 This study was conducted in patients with unexplained dyspnoea who showed slightly lower PAWP (12 ± 5 mmHg) and LAVi (18 ± 6 mL/m 2 ) compared with our study population. However, it provides an important insight into the value of E/e' for the assessment of LV filling pressures.
Our findings are in contrast with several previous studies.
5,10
Kasner et al. 4 investigated the correlation between diastolic function indices and invasively acquired LVEDP by means of pressure-volume loops in 43 HFpEF patients. The diagnosis HFpEF was confirmed using a threshold of prolonged tau (≥48 ms), LVEDP ≥12 mmHg and/or increased LV stiffness/LV stiffness constant. The authors concluded that the ratio of E/e' lateral was highly correlated with LVEDP (r = 0.71, P = 0.001). Differences in the study populations may account for the different findings.
Our patients seem to have more severe heart failure, as expressed by higher NT-proBNP values [884 (448-1949) vs. 156 (87-231) pg/mL]. Furthermore, LAVi was not increased further, supporting less severe heart failure in their patients. We found a remarkably poor correlations between NT-proBNP and invasively measured PAWP and LVEDP. In the study by Rivas-Gotz et al., 10 the correlation between echocardiographic indices and invasively measured mean PAWP was evaluated in 55 patients with a LVEF ≥50%, admitted to the intensive care unit or referred for right heart catheterization. They found a good correlation between E/e' lateral and mean PAWP (r = 0.7). However, it should be noted that they did not include a typical HFpEF population. A large proportion of the study patients showed a mean PAWP <12 mmHg, suggesting normal and not even mildly elevated filling pressures.
Two other studies investigated the correlation between echocardiographic indices and invasively acquired cardiac pressures. 6, 9 However, both studies did not have a pre-specified patient population but included patients with clinical indications, mostly other than suspected heart failure, for invasive cardiac pressure measurements. In one of them, Ommen et al. 9 only found a moderate correlation between both E/e' lateral and E/e' septal and mean LV diastolic pressure in patients with LVEF >50% (r = 0.47 and r = 0.40, respectively), and suggested for the first time the with normal LVEF. The fact that the E/e' ratio only showed a poor-to-modest correlation with invasively measured cardiac pressure in HFpEF seems surprising.
There are several differences that should be emphasized in the results and methodology of these studies investigating echocardiographic indices vs. invasive pressure measurements. Firstly, the present study is one of the very few that has included a well-defined HFpEF population, whereas most previous reports evaluated either consecutive patients with varying aetiologies or only a minor proportion of patients with HFpEF, as defined by invasively measured cardiac pressures. Secondly, in our study, echo measurements were performed simultaneously with cardiac catheterization, whereas in most studies measurements were obtained either by Swan-Ganz catheter in intensive care unit patients or at a different time point (e.g. 3-5 h after invasive pressure-volume loops 4 ). Thirdly, differently from most previous studies, we evaluated patients both in sinus rhythm and with AF. Finally, in our study, measurements of both PAWP and LVEDP (+ mPAP) were performed, whereas others only focused on only one intracardiac pressure measurement.
Non-invasive estimation of right-sided intracardiac pressure
Echocardiography plays an essential role in the estimation of pulmonary arterial pressure by allowing measurement of TR jet velocity. 1, 13, 16 The ESC guidelines for pulmonary hypertension Figure 4 Bland-Altman representation of maximum tricuspid regurgitation pressure gradient (TR Pmax) and systolic pulmonary arterial pressure (sPAP). AF, atrial fibrillation; HC, heart catheterization; SD, standard deviation; SR, sinus rhythm.
state that, when a TR velocity > 2.9 m/s is found by echocardiography, the patient has a moderate to high probability of pulmonary hypertension. 16 Our results confirm that echocardiographic estimation of pulmonary arterial pressure (through measurement of TR velocity) strongly correlates with invasively acquired pressure. 28, 29 However, the use as a 'stand-alone' parameter is possibly not specific enough to differentiate between the presence and absence of pulmonary hypertension. The limitation of TR velocity as a single discriminative parameter was previously described in the DETECT study, 30 which focused on pulmonary arterial hypertension in patients with systemic sclerosis. Performance in pre-and post-exercise, as well as studies performing fluid challenge, would probably provide more detailed information and this represents an area for future research.
Atrial fibrillation and non-invasive estimation of intracardiac pressure
In our study, 30% of patients had AF. Echocardiographic correlates of invasively measured pressures did not differ between patients with AF and in sinus rhythm. Atrial fibrillation poses a challenge to the assessment of LV diastolic function. Haemodynamic abnormalities in these patients might frequently result in misinterpretation of echocardiographic measurements, hence the introduction of several cut-off values to distinguish between normal and abnormal conditions. 13, 31, 32 So far, there have been only few reports studying the relation between invasively measured intracardiac pressures and echocardiographic measurements in AF, 7, 31, 32 
Limitations
Several limitations should be acknowledged in this study. First, there is a potential risk of chance findings due to (i) the limited sample size, (ii) several missing values, owing to the setting in which the examinations were performed (simultaneously with invasive measurements), and (iii) the possible variability of invasive measurements based on the potential pitfalls of using fluid-filled catheters. Second, the inclusion of AF patients might be a limitation because of differences in cardiac haemodynamics between patients in sinus rhythm and with AF. However, this might also be considered a strength as it provides information on the relation between echocardiographic data and invasively measured pressures in patients with AF and HFpEF. Additionally, it provides some insight into the fact that, in HFpEF patients, single echocardiographic measurements cannot be used as 'stand-alone' parameters to estimate invasively acquired LVEDP and PAWP, irrespective of the underlying rhythm (AF or sinus rhythm). Although a multiparametric approach improves accuracy, the ultimate algorithm remains to be established, and might not be restricted to echo evaluation alone. 33 Third, our patient selection criteria based on heart failure symptoms (NYHA class ≥II), a LVEF ≥45% and signs of pulmonary hypertension on a previous echocardiogram might have affected our results, including the poor correlations found between biomarkers (e.g. NT-proBNP), echo measurements and invasively acquired intracardiac pressure, as the a priori chance for patients of having increased left-sided filling pressures was high. Fourth, we tested reproducibility for re-analysis, but we did not test reproducibility of re-acquisition of images. Finally, our study was performed in a single centre, which might make these results not generalizable.
Conclusion
In patients with HFpEF, single echocardiographic measurements, including the E/e' ratio, cannot be used as 'stand-alone' parameters to estimate invasively acquired LVEDP and PAWP, irrespective of the underlying rhythm (AF or sinus rhythm). Although a multiparametric approach improves accuracy, the ultimate algorithm remains to be established, and might not be restricted to echo evaluation alone. These findings are relevant to echocardiographic assessment in patients with HFpEF.
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